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Abstract 
 
Controlling anchoring conditions of liquid crystals (LCs) is crucial for the study of liquid crystals and 
development of liquid crystals-based displays and sensors. Although many studies have been made on 
thermotropic liquid crystals, the anchoring conditions of lyotropic chromonic liquid crystals (LCLCs) 
are difficult to control even through properties of LCLCs were actively studied. Conventional alignment 
methods have no effect on LCLCs, even work, anchoring is very weak. Only a few perpendicular 
alignment layers (a.k.a. homeotropic anchoring) in solid-LCs interfaces were reported through non-
covalent interactions of hydrophobic polymer films and solid substrates such as graphene. However, 
the vertical alignment layers of LCLCs at the liquid interface has never been reported. 
We report, for the first time, the study of the homeotropic anchoring of liquid and LCLCs interfaces 
using hydrophobic oils without surfactants. As reported in thermotropic liquid crystals, a radial structure 
with a point defect has been found, but an unusual feature is the axial structure with ring disclination, 
which did not apply the external field. It implies that this anchoring strength is very weak anchoring 
conditions and another supporting evidence is the anchoring transition, which changes to the horizontal 
orientation from the perpendicular orientation. Also, because of the weak twist modulus of the LCLCs, 
the structure of the defects seemed to be twisted. This twist structure is consistent with previous reports. 
To observe the structures of homeotropic chiral nematic, brucine sulfate was used as a chiral dopants. 
Basically, we reproduced the director configurations of the droplets of the thermotropic chiral nematic 
LCs both with planar and homeotropic anchoring. Specifically, with the homeotropic anchoring, we 
noticed an increase in the effective helical pitch in the droplets according to the droplet size, i.e. the 
untwisting of the helical structure, which originates from the frustration of chiral nematic liquid crystals 
with the perpendicular boundary condition. 
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Ⅰ. Introduction 
 
 
The liquid crystals are literally anisotropic liquids that have both properties between liquid and solid 
crystal. The Structures of LCs are determined by temperature, concentration (in case of LCLCs), 
external field, anchoring of LCs, and geometry of confined interfaces. Since it is possible to interact 
with various factors, the studies and applications have been carried out utilizing the optical / 
electromagnetic/ topological / fluidic properties of LCs. For example, it has been applied in various 
ranges such as the display panels (LCD) [1], [2], micro-laser [3] using the optical and electromagnetic 
properties of LCs, the biosensor [4], [5] using the phase transition of LCs. In addition, the study on 
liquid crystals has been focused on topology such as the chiral symmetry breaking and topological 
defects. 
The Phase of thermotropic LCs determines by only temperature however the phase of lyotropic 
chromonic liquid crystals (LCLCs) is determined not only by temperature but also by concentration. 
It is usually used to dissolve the proper concentration in water. The ionized molecules are pi-pi 
stacked by non-covalent bonding to aggregates and define them as directors. [6] The physical 
properties of LCLCs are quite different compared to TLCs. The equilibrium structure in a nematic 
liquid crystal is described by the elastic free energy, which is composed of the term for each 
deformation mode -; splay 𝐾1, twist 𝐾2, bend 𝐾3 ,and saddle-splay 𝐾24. The LCLCs has a small twist 
modulus, a very large saddle-splay modulus, and a unique structure. 
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Ⅱ. Theoretical background 
 
2.1 Liquid Crystals (LCs)  
2.1.1 Classification of LCs phases  
 
 
Figure 1 (left) Flock of bird [7] , (right) Shoaling of fish [8] 
 
Liquid crystals are phases under flow like conventional liquids, but also have orientational and some 
of positional order. For example to metaphor, considering a group of wild animals changes their 
arrangements along the flowing winds or water streams to minimize a friction and their energy. In 
addition, if external factors change due to sudden changes in flow, attack by other predators, and 
changes in temperature, etc. they change a crowd to minimizes external threat. Similarly, a liquid 
crystal is an anisotropic liquid with collective motion, and the shape of the liquid crystal molecules is 
arranged like a rod or disk. [9] As in Fig. 2, the phase of the liquid crystal is determined by the 
temperature and concentration (in the case of lyotropic LCs). It is also possible to have various 
interactions with optical [10], electromagnetic [11], topological [12], and fluid properties [13]. 
 
 
Figure 2 Phase schematics of rod like liquid crystals.  
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2.1.2 Order of nematic LCs 
 
Conventionally, the way to express the order of liquid crystals describes the orientation of the liquid 
crystal molecules as an average. [14] Traceless, symmetric tenser Q 
𝐐𝐢𝐣 =
𝑺
𝟐
(𝟑𝐧𝐢𝐧𝐣 − 𝛅𝐢𝐣) (1) 
Where the scalar order parameter S,  
𝐒 =
𝟏
𝟐
< 𝟑 𝐜𝐨𝐬𝟐 𝜽 − 𝟏 > (2) 
is expressed in terms of Legendre polynomial P2 , and is described by the degree of ordering of the 
system. Where θ represents the average direction and the angle of the liquid crystal molecules, and S is 
the largest eigenvalue of Q. Also, the eigenvector n of Q is called director. Director is a unit vector and 
has headless property n = -n. [15] 
 
2.1.3 Elastic free energy  
 
The Structures of confined liquid crystals has a structure that minimizes the total free energy. 
𝐅 = ∫ (𝒇𝒉𝒐𝒎𝒐𝒈𝒆𝒏𝒆𝒐𝒖𝒔 + 𝒇𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝒇𝒓𝒂𝒑𝒊𝒏𝒊)𝒅𝑽 (3) 
where each free energy density, 𝑓ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 represents the internal energy of nematic liquid 
crystals without the distortion, 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 described in term related to elastic deformation, and last term, 
𝑓𝑟𝑎𝑝𝑖𝑛𝑖 implies the interaction of the liquid crystals and interface. [16] Here we have to focus at last 
two term. 
 
 Frank-Oseen elastic free energy [14], [15], [17] 
𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
1
2
[  K1 (∇  ∙ 𝐧)
2 +  K2 (𝐧 ∙ ∇ ×  𝐧)
2 + K3 (𝐧 × ∇ ×  𝐧)
2 − K24 ∇  ∙ (𝐧(∇ ∙ 𝐧) +
𝐧 × ∇ ×  𝐧)] (4) 
 
is consisted of 4 elastic constant. it is related in each elastic deformation mode – Splay , twist ,and 
bend on Fig.3 [18]. The configuration of liquid crystals is minimized to elastic free energy for each 
deformations. Indeed, because the elastic constants are intrinsic properties depending on liquid 
crystals or phase (temperature , concentration, additives, etc.), This suggests that the preferred 
deformation for the elastic constants. 
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Figure 3 The elastic deformation of liquid crystals 
 
Last term, the rapini model is discussed in detail in Section 2.3.2. 
 
2.2 Chiral Nematic Liquid Crystals 
 
 
Figure 4 Comparison of Chiral and Achiral molecules. (a) Bromochlorofluoromethane is chiral and (b) 
Dichlorofluoromethane is achiral. [19] 
 
The original meaning of Chirality was obtained in Greek "χεῖρ" (kheir) meaning hand. [20] Chirality 
in physical concepts refers to 'non-superimposable molecules', suggesting that the mirror image (other 
called enantiomers or optical isomers) is not the same as the original molecule.[19] Chiral (or 
cholesteric) nematic phase N * is closely connected with the nematic phase. However, unlike nematic, 
chiral nematic has the property that the director is twisted about perpendicular molecular axis. (see 
Fig.5) 
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Figure 5 Schematics of the chiral nematic phase layer. Yellow rod represents the director of liquid 
crystals. The chiral pitch is a distance which the director rotate 2𝛑 turn. 
 
The chiral pitch (shortly, pitch) is defined as the distance that liquid crystal molecules experienced 2 π 
turn. In the chiral nematic phase, the twist energy term of Elastic free energy is modified. Rewriting 
the chiral nematic f2 , 
𝒇𝟐 =
𝑲𝟐
𝟐
 [(𝐧 ∙  𝛁 × 𝐧 +
𝟐𝝅
𝒑𝟎
)]
𝟐
=  
𝑲𝟐
𝟐
 [(𝐧 ∙  𝛁 × 𝐧 + 𝒒𝟎)]
𝟐  (5) 
  
where inverse cholesteric pitch q0 represents a wave vector in the chiral nematic phase layer, as in 
optics. The director configuration of the ground state is twisted by pitch to offset the added q0. If q0 is 
positive sign, it means right-handiness rotation, and when it is negative sign, it means left -handiness 
rotation. The chiral pitch can also be changed depending on the condition(temperature, geometry). 
 
𝐩𝟎 =
𝟏
𝒄 ∙𝑯𝑻𝑷
 (6) 
 
where c is the concentration of the chiral dopants (wt /wt), HTP is the helical twisting power, and HTP 
is depending on the liquid crystal and dopants. It also mainly depends on the temperature.[9] As 
mentioned above, it can be seen similar to optics, but pitch is replaced with wavelength. For this reason, 
chiral nematic liquid crystals are widely used in optical applications such as Bragg reflection and blue 
phases. [20]–[22] 
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2.3 Lyotropic Chromonic Liquid Crystals (LCLCs) 
 
2.3.1 Properties of LCLCs 
 
Lyotropic chromonic liquid crystals (LCLCs) are dependent on both temperature and concentration 
phase, unlike Thermotropic LCs (TLCs), in which phase only temperature is determined. In some 
examples of LCLCs, there are Sunset yellow, DSCG, Allura red, Acid yellow 23, Blue 27, Violet 20. 
The LCLCs molecules are amphiphilic, for example, Sunset yellow (SSY) has hydrophilic (water - 
soluble) at the edges, hydrophobic core. Notice the implication of the name of LCLCs. The word 'lyo-' 
means 'dissolve' in Greek, and as in Fig.6, molecules are ionized into self-assembly (chromonic) and 
form a liquid crystal phase. 
 
Figure 6 Sunset yellow and schematics of ionized (dissolved to water) sunset yellow 
 
 
Figure 7 (a) Nematic (30% [wt/wt]) and (b) Columnar phase (40% [wt/wt]) of SSY. Bottom schematics 
shows the order of each phases. [23] 
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K(pN) 
At 25℃ 
Splay 
K1 
Twist 
K2 
Bend 
K3 
Saddle-splay 
K24 
5CB 6.6 3.0 10 ~10 
Sunset Yellow  
(SSY, 31.5wt%) 
8.4 0.8 8.1 ~50 
Disodium 
Cromoglycate 
(DSCG, 14wt%) 
8 0.6 18 13.5 ~ 31.5 
 
Table 1 Elastic modulus of 5CB , SSY, DSCG [24]–[27]  
 
In case of the thermotropic LCs, the director defined as a local average direction of LC molecules. 
However , the director of LCLCs is a local average direction of aggregates. The diameter of SSY 
aggregates is about 1-2nm and distance between molecules in aggregates is 0.34nm. [28] 
The length of aggregates L ∝ exp (
𝐸
2𝑘𝐵𝑇
) [29], it is inverse proportion to the temperature and 
proportional to the concentration c. As shown in Fig. 7, the order of LCLCs become larger as longer 
the length of Aggregates. See Fig. 7.b, in the columnar phase, the twist deformation is limited  
(K2 → ∞), resulting in a roughly hexagonal lattice structure. [30] Interestingly, referring to Table 1, 
the elastic constant of LCLCs (SSY,DSCG) has a small twist modulus and a very large saddle-splay 
modulus compared to the thermotropic LCs (5CB). Thus, LCLCs can have a unique director structure. 
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2.3.2 Anchoring of LCLCs 
 
 
Figure 8 Examples of anchoring condition. (a) planar anchoring is parallel to the surface (b) homeotropic 
anchoring is perpendicular to the surface. 
 
The most important factor for studying liquid crystals and developing applications is controlling 
anchoring. The elastic interaction at the boundary condition of the liquid crystal is propagated to the 
bulk and the structure of the director is formed. The parallel orientation is called planar anchoring and 
is called degenerate planar if there is no preferred direction. (Fig.8.a). The perpendicular orientation is 
called homeotropic anchoring (Fig.8.b), and the tilted orientation is the intermediate of the two 
configurations. Anchoring can also considered as a surface energy term, which is the last term, , 
mentioned in 2.1.3. This term so called Rapini-Papoular model, [31], [32] 
 
𝒇𝒓𝒂𝒑𝒊𝒏𝒊 = −
𝑾𝟎
𝟐
 (𝐧 ∙ 𝐞𝐫)
𝟐  (7) 
 
where W0 is the anchoring strength constant and er is the preferred direction on the boundary surface. 
In nature, deviations of anchoring from the easy axis in the surface (the maximum value of 𝑓𝑟𝑎𝑝𝑖𝑛𝑖) 
are preferred more energetically than deviations in the perpendicular to the surface (minimum value of 
𝑓𝑟𝑎𝑝𝑖𝑛𝑖) to minimize total free energy. [9] 
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Figure 9 Schematics diagram of the anchoring of SSY on a glass glide and an alignment layer. [33] 
 
Meanwhile, the anchoring of LCLCs differs from the anchoring control technique of TLCs. If it works 
in same way, the anchoring strength is weak. It is known that homeotropic anchoring of LCLCs is 
difficult to achieve. In the case of SSY, a methods for homeotropic anchoring in solid interface have 
been reported which using graphene, parylene films, poly (methyl methacrylate) films, and 
fluoropolymer films. [33] However, There is no reported case of the homeotropic anchoring of liquid-
SSY interface. 
 
Figure 10 Anchoring control of 5CB droplet. (a) planar LCs droplet using PVA (b) homeotropic LCs 
droplet using SDS. 
 
The conventional method of controlling the anchoring of LCs and liquid interface was to dilute a 
surfactant into continuous media. In Fig. 10, PVA and SDS are diluted as surfactant in water, and the 
planar anchoring condition (Fig. 10.a) and the homeotropic anchoring condition. (Fig.10.b) 
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Figure 11 Schematics of SSY droplet with surfactant (a) and without surfactant (b) 
 
On the other hand, in the case of SSY droplet using Surfactant (Fig.11.a), only the planar anchoring 
configuration appeared regardless of the surfactant .The equilibrium states were that the hydrophilic 
parts of Surfactant and the hydrophilic part of SSY were facing each other. To find a homeotropic 
condition, we set a free of surfactant environment. (Fig.11.b). Since the core part of SSY and the 
hydrophobic oil (Silicone oil) are mutually hydrophobic, they are in contact with each other to form a 
vertical orientation. But since there was no surfactant, there were issues that the droplets falling to the 
bottom due to the sedimentation, or the coalescence of the droplets which is the droplets merge 
together. So, we use a high viscosity silicone to the droplet move as slowly as possible. 
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Ⅲ. Experimental setup 
 
3.1 Preparation of LCLCs droplet cells 
 
3.1.1 Sunset Yellow (SSY) purification 
SSY uses 90% (wt / wt) dye purchased from Sigma-Aldrich. It is purified using the precipitation 
method used in other published papers. [6], [34], [35] First, dissolve SSY in deionized water (18.2 
MΩ · cm), dissolve ethanol 99.6% (wt / wt) for precipitation, and centrifuge it. Discard the solvent 
and repeat the above procedure twice. Then, dissolve deionized water and SSY and leave in oven or 
vacuum oven for one day. 
 
3.1.2 Aqueous Sunset Yellow (SSY) solutions 
Purified SSY is dissolved in deionized water at a proper concentration. In this work, the SSY solution 
was mainly used at a concentration of 30% (wt / wt). To prevent the concentration change due to 
evaporation of water, it was sealed with Parafilm, and the microtube was dissolved in oven and 
vortexer. 
 
3.1.3 Brucine sulfate solutions 
 
Figure 12 Preparation of SSY doped brucine solution. 
 
Brucine was used as Chiral dopant. In this work, the brucine surfate heptahydrate (BSH) and brucine 
hydrochloride monohydrate (BHM) were used. First dilute Brucine with water. Brucine aqueous 
solution was heated and stirred with magnetic bar. because it was hard to dilute with water. and Next, 
add SSY into the brucine solution. If necessary, deionized water was additionally diluted to dilute the 
proper concentrations of Brucine and SSY. 
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3.1.4 Assembly of SSY cells 
 
 
To make a droplet sample, inject the aqueous nematic SSY solution (or SSY doped with brucine 
solution) using a pipette into the silicone oil. Then mix with a pipette tip to make it droplet. We did 
not use surfactant and we used high viscosity silicone oil (> 30k cSt) to prevent the sedimentation or 
coalescence of droplets. In the experiment, various manufacturers of silicone oil were used, Shinetsu, 
Sigma-Aldrich and Gelest's Silicone oil. Then, the cell gap made by using the slide glass is placed in a 
sandwich cell of about 1 mm or the cell gap is transferred to the capillary of about 5 mm by using the 
negative pressure.  
 
  
Figure 13. Assembly of SSY droplet cells 
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3.2 Polarized optical microscopy 
Figure 14. Schematics of the polarized microscopy 
 
Basically, nematic LCs have birefringence properties. To observe and analyze the director structure of 
LCs, a polarizing microscope is effective tool. This technique is based on the interaction of polarized 
light and LCs to observe contrast with the background. As refer to Fig13, the fundamental principle of 
the two microscopes is the same. When light from an unpolarized light source passes through LCs 
between two polarizers, the intensity observed depends on the state of polarization and the 
configuration of LCs due to the angle between the polarizers. Also, fundamentally isotropic media is 
useful for distinguishing between isotropic and anisotropic portions because it cannot transmit light 
across two polarizers at 90 degrees (crossed polarized condition).We used an upright and inverted 
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polarizing microscope as shown in Fig 14, The upright and inverted polarizing microscope are the 
Olympus BX53, IX73 microscopes used in the experiment. The underlying mechanism is the same as 
in Schematics(Fig13). We used the i-Solution IMT-CCD2 mainly for IX73 inverted microscope for 
long time measurement (~ 3.83fps) and the BX53 upright microscope for phase transition of LCLCs 
using a Lumenera Infinity3-6UR (Sony ICX694 CCD sensor) as a heating / cooling stage. 
 
 
Figure 15. (Left) Upright , (Right) Inverted polarized microscope [36], [37] 
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Ⅳ. Result and Discussion 
 
4.1 Configuration of homeotropic SSY droplets 
  
4.1.1 Radial structure 
 
 
Figure 16 Radial structure of SSY droplet. (a) bright field image (b) cross polarizer image (c) cross pol 
image with wave plate (d) enhanced scattering on bright field (e) parallel polarizer image (f) parallel 
polarizer image with wave plate. the white arrow indicates polarization direction (b)-(c) and (e)-(f). 
 
The simplest director structure that can be considered in the sphere droplet with the homeotropic 
anchoring is a radial structure with a point defect in the droplet structure. This is consistent with the 
case reported in TLCs. [11], [38], [39] In Fig. 15, we can see that the director structure of the droplet 
is a radial structure through the cross pol image and the point defect of the polarizing microscope. 
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4.1.2 Axial structure 
 
 
Figure 17 Axial structure of SSY droplet. (a) bright field image (b) cross polarizer image (c) cross pol image 
with wave plate (d) enhanced scattering on bright field (e) parallel polarizer image (f) parallel polarizer 
image with wave plate. the white arrow indicates polarization direction (b)-(c) and (e)-(f). 
 
the Interesting thing is that ring disclinations with so-called axial structures have been observed. (Fig 
16) These structures do not come out of nature, they are a director structure that can be used when 
applied an external field or when there is a weak anchoring condition. [40], [41] 
As shown Fig 17, Considering the stabilization of each structure as an elastic modulus, the radial 
structure is inferred to have a relatively small structure of K1 dominated by splay deformation. 
Conversely, the axial structure is considered to be a dominant structure of bending with a relatively 
small K3. [16] On the other hand, when approaching an anchoring strength, the director structure 
without anchoring will be stabilized by a side-by-side structure with no deformation at all. (F = 0). 
However, as the intensity of homeotropic anchoring increases, the homeotropic anchoring boundary 
propagates to the bulk. it can be stabilized in the axial structure to the radial structure. [40] 
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F24 =  −
𝐾24
2
  ∫ 𝑑𝑉 [ ∇  ∙ (𝐧 × ∇ × 𝐧 + 𝐧 ∇ ∙ 𝐧)] 
=  −
𝑲𝟐𝟒
𝟐
  ∫ 𝒅𝑺 ∙  (𝐧 × 𝛁 × 𝐧 + 𝐧 𝛁 ∙ 𝐧) (8) 
 
However, there was an underline issue. If we rewrite the K24 term (Eq.8), the saddle-splay term, in the 
Frank elastic free energy, we can only rewrite it as a term for the surface through the divergence theorem. 
Since the K24 term is a negative term, it is treated as an effective surface anchoring that supports 
anchoring on the surface. Previous research has shown that only radial structures are stabilized 
regardless of anchoring strength when K24 > 2K (K1 ≅ K3). [40] In case of SSY, the value of K24 is 
about 6 times or more than that of other K1 or K3. [42] Nonetheless, the droplets of axial structures still 
were dominant. The difference between the existing prediction and the theoretical study should be 
complemented by establishing another model. 
  
Figure 18 Stable regime of Axial and Radial structures. (Top) The stabilization of the radial and axial structures 
is determined by the ratio of splay and bend elastic modulus. (Bottom) But also the anchoring strength 
propagating from the surface to bulk. It explains those structures. 
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4.1.3 Twisted director configuration 
 
 
Figure 19 Twist structure of ring disclination. (a) Schematics of changing focal plane image. (b) bright field 
(c) cross pol (d) changing focal plane image. The ring disclination in the droplet appears to be twisted rather 
than flat plane ring. 
 
The director structure of the SSY drops, surprisingly, prefers a twisted structure. The planar 
orientation droplet environment and the structures of the LCLCs confined the capillary favor a twisted 
structure. [42], [43] The elastic modulus of the LCLCs in Table 2 gives the reason for this. The twist 
modulus K2 of LCLCs is significantly lower than the other constants. In other words, the arrangement 
of LCLCs can be easily modified for twist deformations over other elastic deformation. Fig.18 shows 
the ring disclination on the focal plane in the axial structure of LCLCs vertical orientation droplets.. 
Ring disclination is consistent with previous reports, in that the ring does not flat but appears as a 
twisted ring. 
 
K (pN) @ 25°C Splay 𝐊𝟏 Twist 𝐊𝟐 Bend 𝐊𝟑 Saddle-splay 𝐊𝟐𝟒 
5CB 6.6 3.0 10 10 
Sunset yellow 7.7 1.0 9.5 55 
 
Table 2 Elastic constant of 5CB & SSY [24], [25], [42] 
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Figure 20 Bipolar structure and Twisted bipolar of LCLCs droplet , LCLCs in capillary. 
 
 
Figure 21 Twisted radial structure. (a) bright field image (b) cross polarizer image (c) cross pol image 
with wave plate (d) enhanced scattering on bright field (e) parallel polarizer image (f) parallel polarizer 
image with wave plate. the white arrow indicates polarization direction (b)-(c) and (e)-(f). 
 
Also, the radial structure is inferred as a twisted director structure. Referring to Fig.20, The structure 
of director is shown as twisted around defect and enhanced image.  
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4.2 Spontaneous anchoring transition 
 
 
4.2.1 Axial to bipolar transition 
 
 
Figure 22 Axial structure to Bipolar droplet transition. each interval of images is 20min. The ring 
disclination split to double ring. The surface anchoring between double ring is planar. As time goes on, the 
double ring grow apart to polar point. Finally, the structure of droplet became bipolar droplet.    
 
Another evidence supporting the Weak anchoring mentioned in Section 4.1.2 is that an anchoring 
transition occurs spontaneously. Because of the very weak anchoring at the interface, the director 
anchoring at the interface transits to planar anchoring rather than maintaining homeotropic anchoring. 
As shown in Fig. 21, the ring disclination of the droplet is split, and the spacing between separated 
rings becomes planar anchoring. As the two rings gradually reach the drop pole, the droplet eventually 
transitions to a bipolar drop. This process takes about 1 hour. 
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4.2.2 Speckle texture 
  
 
Figure 23 Speckle texture of axial structure droplet. each interval of images is 20min. (a) 0min, (b) 20min, 
(c) 40min, (d) 60min, (e) 80min (f) 100min. The local domain of the droplet is transferred to planar 
anchoring, which is also affected by ring disclination.  
 
The anchoring transition occurs in another case which appears as a speckle, as shown in Fig.22 In the 
case of bipolar transition, the anchoring transits from the edge of the ring, but this is an anchoring 
transition that occurs in arbitrary localized region. This anchoring transition is broadened over time, as 
in the previous case, and can be combined with the defect to transform its structure. 
Also, as shown in Fig.23, which shows the reorientation of the director by quenching the radial 
structure droplet with the speckle texture, the droplet that has been heated to the isotropic phase and 
then cooled to the nematic after the phase transition has speckle texture again. It should be noted that 
the speckle texture was generated randomly, not in its original position, though it was rearranged into 
a radial structure. This speckle texture shows that weak anchoring strength that maintains homeotropic 
is low as in the previous results, and the transition to another anchoring occurs. 
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Figure 24 Reorientation radial structure droplet with speckle texture using heating and cooling 
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4.2.3 Silicone oil dependency 
 
Oil type Capillary cell Sandwich cell 
Shinetsu Silicone oil 10k cSt  Hard to measure ~ 10 min 
Shinetsu Silicone oil 30k cSt  ~ 2 hour ~ 2 hour 
Gelest Silicone oil 30k cSt  ~ 2 hour  ~ 2 hour 
Shinetsu Silicone oil 50k cSt  ~ 4 hour  ~ 2 hour 
Gelest Silicone oil 60k cSt  ~ 3 hour  ~ 2 hour 
Sigma-Aldrich Silicone oil 60k cSt  ~ 6 hour  ~ 10 min 
 
Table 3 Silicone oil dependency for the time to form speckle textures 
 
To determine that if the anchoring strength has the dependency of Silicone oil, we made SSY droplet 
sample using various types of silicone oils. The time written in the table is the time when the speckle 
texture starts to appear. The 10k cSt Si oil could not be measured in the capillary for a long time due 
to sedimentation. Relatively slow anchoring transition was observed in the capillary cell compared to 
the sandwich cell. the time of the Speckle texture varied to manufacturer, but was essentially 
independent of the viscosity of the Si oil.  
 
4.3 Unexpected structure 
 
 
Figure 25 Unexpected structures. (a) bright field, (b) cross pol image of (a), (c)-(e) bright field image 
 
The droplet was injected through a direct injection through a capillary syringe with an inner diameter 
of about 100 μm. But the unexpected director structure (Fig.24), which had not been reported 
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previously, appeared. The director structure of this droplet is considered to have three topological 
defects and has no previously reported structure. 
 
 
Figure 26 Time evolution of unexpected structure (Top row) bright field (Bottom row) cross pol image. Each 
image is same droplet. Time interval of each column set is about 20min. 
 
Similar to the results in 4.2, spontaneous anchoring transitions were also observed. (Fig.25) We 
observed anchoring changes in about 1 hour, and in the initial state, the defects, which were three, 
merged with each other and turned into bubbles with two defects and observed bipolar structures. 
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Ⅴ. Chiral nematic LCLCs 
 
5.1 Pitch measurements 
 
Figure 27 Chiral nematic SSY droplet with planar boundary condition.  
 
We fabricated a chiral nematic SSY planar droplet using the previously reported planar alignment 
method. [43] Fig. 27 (left), the chiral nematic planar droplet was a structure with a concentric half-pitch 
line. The distance between half pitch lines was measured to determine the helical twisting power (HTP) 
values of brucine sulfate heptahydrate (BSH) and brucine hydrochloride monohydrate (BHM). The 
HTP measured to βBSH = 0.1228 ± 0.007 𝜇𝑚
−1 , βBHM = 0.1102 ± 0.02 𝜇𝑚
−1. 
 
 
Figure 28 Inverse pitch vs dopants concentration, the concentration of SSY fixed in 30% (wt/wt). the 
gradient of fitting line is helical twisting power. 
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5.2 Structures of homeotropic chiral nematic SSY droplets 
 
 
5.2.1 Definition of N 
 
𝐍𝟎 =
𝟐𝒅
𝒑𝟎
  (9) 
 
To analyze a chiral nematic droplet, define N. N0 is represented by the droplet diameter d and the 
chiral pitch p0. The physical meaning of N is a dimensionless parameter of how many times the 
director structure makes a half-turn ( π turn ) through the distance of the droplet diameter. [44] As 
shown in Fig.26, If N = 2, the director experiences a diameter of the droplet and turns twice a half 
turn. 
 
 
 
Figure 29 Examination N=2 case of chiral nematic droplet. a director is represented by a nail shape and 
when the director is 0 degrees, there is no head, and when the director is rotated 90 degrees, it is 
represented by a point. In the figure above, the director rotates 2 π turn. 
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5.2.2 Untwisting of helical structure 
 
Figure 30 Schematics of homeotropic surface of chiral nematic droplet 
 
Due to the nature of the chiral nematic LCs, the conditions of the homeotropic boundary cannot be 
established in droplet geometry. Therefore, the homeotropic chiral nematic droplet is observed to be 
N, which is smaller than the original N0 in the experiment. It means the pitch look larger in 
homeotropic droplet. This was reported as untwisting of helical structure. [45] 
𝐍 =
𝟐𝐝
𝒑𝟎
−
𝒃
𝒅
=  𝐍𝟎 −
𝒃
𝒅
  (10) 
N is represented by droplet diameter d, pitch p0, and untwisting coefficient b. 
 
Table 4 Chiral dopant concentration dependency using thermotropic chiral nematic LC based on 
Е7(Merck) nematic doped in cholesteryl acetate. (the intrinsic twisting power is 6.1 μm-1.) [45] 
 
The untwisting coefficient b is also related to chirality. It was reported that as the concentration of 
chiral dopant increases (i.e. as the chirality increases) the b decreases as the pitch increases.  
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5.2.3 Homeotropic chiral nematic SSY droplet 
 
Figure 31 Homeotropic chiral nematic droplet. each row set is same droplet. (a) changing focal plane 
image. (b)-(c) bright field, polarized image, cross pol image. 
 
Fig. 28 is a chiral nematic SSY drop observed in the experiment. In contrast to the previously reported 
achiral SSY, the director structure of the droplet is a bipolar configuration with a helical loop defect. 
[46] Analyzing with N of droplet is consistent with the trend of existing reports. It can be seen that as 
the concentration of the chiral dopants increases, the pitch decreases and accordingly the untwisting 
factor b also decreases. LCLCs also show untwisting of helical structures like thermotropic LCs. That 
is, when the homeotropic droplet is observed, the pitch is longer than the planar droplet of the same 
concentration. However, this is different from the conventional thermotropic case. Coefficient b was 
about 10 times as large as that of the thermotropic LCs. The equation modified the Frank free energy 
density for chiral nematic LCs (Eq.11), where q0 represents the wave vector in the planar layer of the 
chiral LCs. In the planar condition, the first term of the equation becomes q0 to minimize the free 
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energy for the elastic deformation, but not in the homeotropic condition. Due to the effect of 
untwisting, the pitch of the homeotropic droplet becomes larger, so that the first term is smaller than 
q0. 
𝐟𝟐 =
𝑲𝟐
𝟐
 [(𝐧 ∙  𝛁 × 𝐧 +
𝟐𝝅
𝒑𝟎
)]
𝟐
=  
𝑲𝟐
𝟐
 [(𝐧 ∙  𝛁 × 𝐧 + 𝐪𝟎)]
𝟐  (11) 
 
+ 
 
Figure 32 Examination of f2 respect of q. For LCLCs, the deviation of q0 is large because of having a small 
K2. 
 
Even if we have the same energy in Fig. 29, the possible |q| is larger because K2 of LCLCs is very 
small. Thus, SSY with a very small K2 can have a smaller q value compared to conventional 
thermotropic LCs. A small q value means that SSY has a larger pitch when untwisting occurs at the 
homeotropic droplet. (again, q is inverse pitch) This is the reason why the untwisting coefficient b of 
Chiral nematic SSY is large is explained. 
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Ⅵ. Conclusion 
 
Nematic LCLCs droplet 
 
We have implemented a homeotropic alignment layer between liquid (hydrophobic oil) and SSY 
interface that has never been reported. We use silicone oil without surfactant to adjust homeotropic 
anchoring of SSY. In the past reports, radial structures with point defects in thermotropic liquid crystal 
droplets were mainly observed / reported. However, in the experiment, SSY homeotropic droplet 
dominated axial structure with ring disclination. 
In addition, spontaneous anchoring transition occurred in these axial structures. Homeotropic 
anchoring droplets were transitioned to planar anchoring and became completely bipolar droplets. 
From this point of view, our anchoring environment is assumed to be weak anchoring strength. 
Furthermore, consistent with previous reports, homeotropic SSY droplets favored a twisted director 
structure. Because of the low K2 characteristic of LCLCs, the structure of the director is more likely to 
have twist deformation than other deformation, and consistent with previous reports (twisted bipolar 
droplet, doubly twisted structure on capillary cell). 
 
Chiral nematic LCLCs 
 
Original SSY has an achiral molecular structure. However, using brucine as a chiral dopant, SSY in 
the geometry with added chirality was observed as droplet. Brucine sulfate heptahydrate and brucine 
hydrochloride monohydrate were used and the helical twisting power was determined by measuring 
the pitch for each concentration. In case of homeotropic chiral nematic SSY droplets, droplets were 
observed in the non - surfactant silicone oil as in the homeotropic anchoring environment. Due to the 
homeotropic orientation observed in the chiral nematic thermotropic liquid crystal, a chiral SSY has 
also been observed in which the pitch is lengthened (i.e. untwisting of helical structure). The 
untwisting coefficient b of SSY has a considerably large value compared to other liquid crystals, 
which is inferred to be due to the small K2 value of the LCLCs in the modified elastic free energy in 
the chiral nematic liquid crystal. 
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